We have demonstrated few-electron quantum dots in Si/SiGe and InGaAs, with occupation number controllable from N = 0. These display a high degree of spatial symmetry and identifiable shell structure. Magnetospectroscopy measurements show that two Si-based devices possess a singlet N = 2 ground state at low magnetic field, and therefore, the two-fold valley degeneracy is lifted. The valley splittings in these two devices were 270 and 120 µeV, suggesting the presence of atomically sharp interfaces in our heterostructures.
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Quantum dots fabricated in silicon have been a subject of intense interest recently due to the possibility of their use for semiconductor-based quantum information processing.
1 An important requirement in silicon is the ability to lift the conduction band valley degeneracy, 1 which is commonly two-fold in the strained Si heterostructure. A lower bound on the valley splitting in a Si quantum dot can be determined by ground state magnetospectroscopy on the first few electron states. Recently, this technique has been applied to metal-oxidesemiconductor-based quantum dots [3] [4] [5] and a range of values has been obtained. However, no valley splitting measurements in Si/SiGe quantum dots have been reported, only estimates from transport data in quantum point contacts (QPC). 6 In the Si/SiGe system, electrons are confined against a buried heterointerface as opposed to the Si/SiO 2 interface. This isolates the electrons from surface traps, but leads to potentially different valley physics. In this Letter we report electron addition spectra for accumulation mode Si/SiGe quantum dots, starting from the first electron. Spectra for equivalent devices fabricated in InGaAs provides validation of our numerical simulations and the high axial symmetry provided by this design. We additionally report measured spin fillings via magnetospectroscopy for two Si/SiGe dots in which clear changes in total spin with magnetic field allow us to extract valley splittings up to 270 µeV.
The device design is based on a gated double quantum well heterostructure as shown in Fig. 1 . This design has been realized in both InGaAs, as previously reported by our group, 7 and now in Si/SiGe. The Si/SiGe heterostructures were grown on strain-relaxed Si 1−x Ge x buffers (0.26 < x < 0.34) and formed twodimensional electron gases supporting mobilities greater than 20 000 cm 2 /Vs at ∼ 5×10 11 cm −2 carrier concentrations. A quantum dot is created in a potential depression in the upper quantum well under the influence of a nominally 100 nm diameter circular forward biased gate that is contacted via an air-bridged (dielectric-bridged for device Si4) lead. A pair of reverse-biased gates form a QPC in the lower quantum well electron gas, within ∼ 100 nm of the quantum dot, for charge detection. Six individual devices, having slight variations in dot gate diameter and dot-QPC distance, were selected from four Si/SiGe and two InGaAs wafers and measured in either a 3 He system at an effective electron temperature of ∼ 350 mK or a dilution refrigerator at ∼ 100 mK (device Si4 only). Addition spectra were taken using lock-in techniques similar to that described in Croke et al. 7 Loading of electrons into the dot was recorded by sweeping the quantum dot gate bias V G and recording the resulting change in conductance on the constricted current flowing through the nearby QPC. The dc source-drain bias was kept to a modest 100 µV across the QPC, as larger currents flowing through the charge sensor were found to broaden the dot transitions. A differential transconductance dI QPC /dV G was extracted by measuring the inphase response of the QPC current to small sinusoidal or square wave modulation of V G (at modulation frequencies well below the tunneling rates for each respective device). The modulation amplitude was kept as large as possible without broadening the transitions (typically 0.2 mV rms ). lished by observing that the tunneling times between the dot and electron reservoir (lower quantum well), ∼ 10 µs, show no significant variation with electron number, as found by analysis of the time-averaged charge dynamics for the first few observable transitions. Furthermore, our numerical simulations predict the observed addition spectra including in particular first electron filling voltages and spin fillings.
In Figs. 2(c) and 2(d) the addition voltages are plotted for all six measured dots. These data are taken at values of the QPC biases that provided the largest sustained sensitivity that captured all of the observed electron loading transitions [in particular, along dashed vertical lines in Figs. 2(a) and 2(b) ]. Addition energies can be obtained from these addition voltages via an independent measure of the gate lever arm α, in which the linewidth of the transitions is monitored as a function of sample temperature. 8 For the series of devices under study α [eV/V] is measured to be 0.18 (InGaAs1), 0.24 (InGaAs2), 0.14 (Si1), 0.19 (Si2), 0.22 (Si3), within 10% of our numerically simulated values. The simulated value for Si4 is α = 0.17 eV/V.
The solid curves in Figs. 2(c) and 2(d) are simulated addition voltages computed in the framework of the full configuration interaction (FCI) method. 9 They are found as the difference of chemical potentials, µ N , for electron addition and converted to voltage differences via concurrently simulated values of α: V
Tot , are computed as the differences between ground state energies of the N and N − 1 electron systems. Two valleys are explicitly accounted for in the case of Si/SiGe. Accurate simulations using the computationally intensive FCI technique are only available up to five (six) electrons for Si (InGaAs) resulting in the first four (five) addition energies.
First shell filling is observed at N = 4 for all four Si dots, as evidenced by the larger addition energy relative to the monotonically decaying Coulomb background. This first shell is much less prominent in Si due to the smaller orbital energy by a factor of m Si /m InGaAs ∼ 2.2 while having comparable charging energies to InGaAs. Si4 displays the most prominent N = 4 shell, best matching simulation, as well as having a distinct shell at N = 12. This is likely due to improvements in our process leading to more symmetric metallization of the dot gates. The shell structure that we observe in InGaAs is the result of two-dimensional parabolic confinement and spin degeneracy, 10, 11 whereas that for Si indicates an additional two-fold valley degeneracy as expected.
The sequences of spin fillings for these devices are obtained by performing magnetospectroscopy measurements. The application of an in-plane magnetic field, B , modifies the energetics of the N -electron system primarily through the Zeeman term in the Hamiltonian. Measuring the dots' transitions as a function of both gate voltage and magnetic field allows inference of the total projected spin state of the dot as a function of electron number for various B .
12-14 In Figs. 3(a) and 3(b) we plot the differential transconductance for devices Si3 and Si4 versus gate bias and stepped magnetic field, collected in largely the same manner as for the addition spectra of Figs. 2(a) and 2(b) . The centers of each transition versus B are extracted from the data by fitting the surrounding 2 mV data to a Gaussian function with fixed linewidth. All fits with transition center uncertainties less than a fixed threshold are included in subsequent analysis. In order to remove spin-independent effects on the chemical potentials, The N = 2 spin state of device Si3 demonstrates a singlet-triplet (S-T) transition at B = 2.3 ± 0.1 T as evidenced by the change from the spin filling sequence 0 → 1 /2 → 0 at low fields to 0 → 1 /2 → 1 at higher fields. Device Si4 demonstrates an identical S-T transition at a lower magnetic field B = 1.0 ± 0.1 T. For devices Si1 and Si2 only a triplet state was observed down to zero magnetic field.
15 Device InGaAs2 displayed the expected Hund's rule spin filling out to the third shell.
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The magnetic field corresponding to the S-T transition indicates the energy of the lowest lying triplet state; from ∆E S-T = gµ B B we find ∆E S-T = 270 and 120 µeV for device Si3 and Si4, respectively. As the intervalley exchange energy is negligible, this is a strict lower bound on the valley splitting, ∆E valley ≥ ∆E S-T .
2 The equality likely holds due to the large orbital energies of these high-symmetry quantum dots. Further validation is provided by our calculations of the valley splitting in a microscopically-based framework which directly incorporates into the effective mass calculation the core physical origin of intervalley mixing -the change to the local crystal potential due to substitution of individual host atoms in a heterostructure. A value ∆E valley ≈ 250 µeV is predicted for the ground orbital in both Si3 and Si4 devices for the case of perfectly flat and atomically sharp heterointerfaces; the splitting would be reduced in the presence of interface imperfections.
We have demonstrated high-symmetry quantum dots in Si/SiGe and InGaAs, with occupation number controllable from N = 0. Magnetospectroscopy measurements reveal a valley non-degenerate ground state for two Si dots, a critical requirement for the eventual control and manipulation of single spins in this system.
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